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Abstract-Dual orthogonal polarization is a method of optimal 
conservation of frequency spectrum which has received 
researchers’ attention. The orthogonal polarization, however, 
is often subjected to the amount of discrimination obtainable 
in the dual channels. Investigation has shown that apart from 
the shape of falling dust particles, microwave cross 
polarization occurs because of dust particles alignment. This 
paper investigates and computes dust particle alignment 
which are inputs to cross polarization discrimination. 
Relevant forces influencing the particle alignment such as 
inertial torques and turbulence shear have also been 
calculated. The result shows how the forces affect the particle 
alignment, even as the torques dominating the alignment of 
certain dust particle sizes have also been established. 
 
I. INTRODUCTION 
Propagation of electromagnetic wave signal may 
suffer attenuation and cross polarization (XP) upon 
encounter with suspended dust particles. The XP is 
attributed to the non-sphericity of the falling particles and 
their tendency to align in a direction at a given time [1]. 
[2] described the theoretical bases of non-spherical 
particles alignments and its possible effects on signal 
propagation. While models have been formulated to 
determine the XP [3], the alignment impact has not been 
well tackled because of lack of sufficient information. The 
novelty of this work, therefore, is the computation of the 
particle alignment which is an important input to 
microwave XP evaluation. 
The computation is carried out by applying necessary 
theories and aerodynamic forces known to be influencing 
alignment. This paper has some notable improvements to 
enhance the computation. This include appropriate 
determination of terminal velocity for respective flow 
regions, better approximation of the complex problem of 
the elliptical integral, cross checking of Reynolds numbers 
for validation of the criterion used to obtain the terminal 
velocity, correction of overestimation of inertial forces, 
and use of more appropriate turbulence shear. 
 
II. AERODYNAMIC THEORY OF PARTICLE 
ALIGNMENT 
Shape is an important factor in particle alignment. The 
approximate geometry of dust particle is the ellipsoid with 
varying axis ratio (from 0 to 1). Consider an ellipsoid with 
an arbitrary ratio of the semi axes 𝑎1, 𝑎2, 𝑎3, and with the 
semi axes fall in the order (𝑎1 > 𝑎2 > 𝑎3): 
𝐿1 = ∫
𝑎1𝑎2𝑎3𝑑𝑠
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  (1) 
𝐿2 and 𝐿3 are obtained with cyclical changes using (1), and 
the relation 𝐿1 + 𝐿2 +  𝐿3 is 1 [4]. 
Reynolds number, 𝑅𝑒, is an important dimensionless 
number in fluid flow. It expresses the ratio of inertial 
forces to the viscous forces and its value serves as a 
criterion for the stability of laminar flow. 
𝑅𝑒 =  
𝜌𝑢𝑑
𝜇
     (2) 
where 𝜌 is the density of the fluid (𝑘𝑔 𝑚3⁄ ), 𝑢 is the fluid 
velocity (𝑚 𝑠⁄ ), 𝑑 is a characteristic length of the system 
(𝑚) and 𝜇 is the dynamic viscosity (𝑁𝑠𝑚−2). The fluid 
(air) viscosity is 1.8 × 10−5𝑁𝑠𝑚−2. 
Drag coefficient, 𝐶𝐷, is another important 
dimensionless number that can be estimated numerically 
or by wind tunnel. For a laminar flow around a particle, 
Stokes showed that for 𝑅𝑒 < 0.2, 
𝐶𝐷 =
24
𝑅𝑒
      (3) 
Allen’s flow equation [5] holds for 0.2 < 𝑅𝑒 < 500 and is 
expressed as: 
𝐶𝐷 =
18.5
𝑅𝑒0.6
     (4) 
Lastly, the empirical relationship between 𝐶𝐷 and 𝑅𝑒 for 
500 <  𝑅𝑒 < 2 × 105 known as Newton's equation is 
expressed as: 
𝐶𝐷 = 0.44     (5) 
Using (3) – (5), the appropriate drags acting in Stokes’, 
Allen’s and Newton’s flow regions are respectively 
computed and given in (6) - (8). 
𝐹𝑑 = 3𝜋. µ. 𝑑. 𝑢    (6) 
𝐹𝑑 = 2.3125𝜋. 𝜇
0.6. 𝜌0.4. [𝑑𝑢]1.4  (7) 
𝐹𝑑 = 0.055𝜋. 𝜌. [𝑑𝑢]
2   (8) 
The terminal velocity, 𝑢, of dust particle can be easily 
obtained by combining (2) and (3) – (5). When a body falls 
under gravitational force, a point is reached where the drag 
force is equal, and opposite to the gravitational force. The 
body stops accelerating, and terminal velocity is attained. 
Equating each of the drag forces with the buoyant weight 
acting upward, the respective terminal velocities are 
obtained in (9) to (11). For Stokes flow: 
𝑢 = 𝑑2𝑔(𝜌𝑠 − 𝜌𝑎)/18𝜇   (9) 
 
Allen’s flow: 
𝑢 = √[
0.072.𝑑1.6.𝑔(𝜌𝑠−𝜌𝑎)
𝜌𝑎
0.4𝜇0.6
]
1.4
   (10) 
and the Newtonian flows: 
𝑢 = √
3.03.𝑑.𝑔(𝜌𝑠−𝜌𝑎)
𝜌𝑎
    (11) 
where 𝑔 is the gravitational acceleration and 𝜌𝑎 and 𝜌𝑠 are 
the densities of the fluid and solid particle respectively. 
 
III. TORQUE AND TURBULENCE ON PARTICLE 
ALIGNMENT 
As dust particle falls at its terminal velocity through 
the air, the flow generates an inertial torque. It is described 
as inertial because it arises from the inertial term (𝑢. 𝛻. 𝑢) 
in the Navier-Stokes equations and exists even for zero 
viscosity. It varies as the square of the particle velocity (if 
the flow is non-turbulent and almost non-viscous). 
Although the inertia torque tends to enhance alignment 
creation, but the presence of turbulent air flow during dust 
storm is well known [6]. This results in random orientation 
of the particles and produces random velocity shears 
which tend to destroy the systematic alignment necessary 
for calculating XP. 
It can be shown, from potential flow theory [7], that 
the inertial torque (𝑈′) of a falling particle with a terminal 
velocity, 𝑢 and orientation such that the air flow is directed 
along 𝑎1, 𝑎2, 𝑎3 ellipsoid axes is: 
𝑈𝑎1,𝑎2,𝑎3 
′  =  
𝐿𝑖
1−𝐿𝑖
𝑉𝜌𝑢2  (12) 
where 𝑉 is the volume and 𝐿𝑖 is shape dependent factor. 
Some models have neglected the turbulence effect 
even though it can substantially affect the orientation of 
particles smaller than around 250 µm [8]. This is taken into 
consideration in this paper. The turbulent torque exerted 
on dust particle as a function of the local wind shear can 
be expressed as: 
𝑀 = 4𝜋𝜇𝑎3. 𝑑𝑢 𝑑ℎ⁄     (13) 
where 𝑎 is the radius replaced by equivolumic radius, 𝑎𝑒 =
√𝑎𝑏𝑐
3
  for non-spherical particle, and 𝑑𝑢 𝑑ℎ⁄   is the rate of 
change of air velocity near the particle with respect to a 
position coordinate, h, measured in a direction 
perpendicular to the mean flow. 
If the turbulence torque exceeds the largest alignment 
torque (𝑈′), the particles will tumble continuously, and no 
significant XP would be observed on line-of-sight links. 
For randomly oriented particles, the cross-polarization 
discrimination (XPD) can be expressed as: 
𝑋𝑃𝐷 = 20 log (
𝐸𝑎𝑐
𝐸𝑎𝑥
) [dB]   (14) 
where Eac is the field intensity in the wanted or normal 
polarization (co-polar) and Eax is the field intensity 
induced by the propagation medium in the orthogonal 
polarization (cross-polar). 
However, in the case of precipitation of particles 
settling down after dust storm, it is expected that particles 
will assume preferred orientation determined by 
aerodynamic forces demonstrated in this work. It therefore 
means that a more complicated XPD model encompassing 
the particle alignment is expected to be developed. 
 
IV. RESULTS AND DISCUSSION 
The theories in sections 2 and 3 especially (9) - (13) 
are computed using MATLAB simulations, and the results 
obtained are discussed. The particle shape factors 𝐿1 = 
0.22, 𝐿2 = 0.34 and 𝐿3  = 0.44 [3] and upper limit of 30 m/s 
as 𝑑𝑢 𝑑ℎ⁄  are used [9]. In Table 1, the torques disrupting 
and creating particle alignment necessary for induction of 
XP are presented and shown in Fig. 1. The graph shows 
the range of dominance of each of the torques. At 
relatively low radius, the turbulence torque is high and 
there is low inertial torque of air flow. Conversely, the 
torque due to air turbulence is small while the inertial 
torque is more at higher radius value. 
 
Table 1: Torques affecting dust particle alignment 
Diameter, 
d (µm) 
Terminal 
Velocity 
(m/s) 
Inertial 
Torque 
(Nm) 
Turbulence 
Torque (Nm) 
2 3.27×10-4 1.28×10-25 6.79×10-21 
20 3.27×10-2 1.28×10-18 6.79×10-18 
50 2.04×10-1 7.78×10-16 1.06×10-16 
100 6.03×10-1 5.43×10-14 8.48×10-16 
200 1.33 2.12×10-12 6.79×10-15 
 
 
Fig. 1: Torques influencing dust particle alignment 
 
V. CONCLUSION 
The tendency of particles to align in a direction causes 
XP. The particle alignment is computed having analyzed 
the active torques found to be responsible. The results 
show that systematic alignment could be generated by the 
inertial torque of air flow round the particle. It can be 
concluded that some form of systematic particle 
alignment, from about 30 µm size range, is certain to exist. 
Such alignment by the inertial torque is necessary for XP 
to be induced and a significant parametric input to XPD. It 
is noteworthy that negligible electrostatic force has been 
assumed. 
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